13C nuclear magnetic-resonance data on native and recombined lipoproteins are reported. 
plexes isolated by ultracentrifugal flotation, were measured. The results show that both the phosphatidylcholine and sphingomyelin polar headgroups have the same hydrophilic environment in either sonicated lipid particles or reassembled lipoproteins, and suggest that ionic interaction of lipid and apolipoproteins is of minor importance in the formation of plasma lipoprotein complexes. Our experiments indicate that 13C nuclear magnetic resonance spectroscopy will contribute to the understanding of lipidprotein interaction in lipoproteins and membranes.
From a theoretical standpoint, nuclear magnetic resonance (NMR) techniques appear to have great potential for unravelling the details of the lipid-protein interaction involved in plasma lipoproteins and cellular membranes. Proton NMR spectroscopy has been used in the past to investigate the molecular organization of human serum low (LDL) and high (HDL) density lipoproteins (1) (2) (3) (4) . Results thus far, however, have been relatively modest because of difficulties in interpretation of the chemical shifts and the structural complexity of serum lipoproteins. In order to investigate the way in which the covalent structure of lipoprotein-apoproteins directs both conformation and biological function, we have empolyed the techniques of '3C NMR spectroscopy. The relatively sharp resonances and the wide range of chemical shifts from '3C nuclei are well suited for studies of lipid-lipid and lipid-protein interactions. Moreover, the '3C nucleus causes no perturbation of the lipid structure and specific carbon atoms in the hydrophobic and hydrophilic site of the lipid molecules can be selectively enriched with the I3C isotope over its natural abundance level of 1.1%. Thus Preparation of HDL Apoproteins. Plasma was collected from two normal male fasting donors (K. Z., G. A.) by plasmaphoresis in EDTA and was used within 2 hr. HDL was obtained by ultracentrifugal flotation in KBr between densities 1.063 and 1.21 g/ml and washed once by flotation at 1.210 g/ml (7). The HDL preparations gave a single precipitation line on immunoelectrophoresis against anti-human whole serum (Hyland) and anti-human HDL (8). They did not react with antisera to human low density lipoproteins or albumin. HDL protein (apoHDL) was obtained by delipidation with chloroform-methanol (9) . Less than 0.5% phospholipid (w/w) remained after delipidation of HDL. ApoA-I was obtained by chromatography of apoHDL in 6 M urea on Sephadex G-200 (Pharmacia, superfine) according to the procedure of Scanu et al. (10) . ApoA-II was obtained by chromatography of apoHDL in 6 M urea on DEAE cellulose (Whatman, by modification of the method of Shore and Shore (1i, 9). The apoprotein preparation was judged pure on the basis of polyacrylamide gel electrophoresis in 8 M urea at pH 9.4 and 2.9 (12, 13), Edman amino-terminal analysis (14) combined with identification of the phenylthiohydantoin amino acids by gas liquid chromatography (15, 16) , and by its unique amino-acid composition (9, 17, 18) . ApoA-II was reduced and carboxymethylated essentially as previously described (9) . Cyanogen bromide cleavage of apoA-II was performed at room temperature for 48 hr in 70% formic acid using a 500-fold molar excess of cyanogen bromide to methionine. Following cleavage, the cyanogen bromide peptides were reduced and carboxymethylated and separated by gel filtration on Sephadex G-75 (19) .
Preparation of Lipids. Egg yolk phosphatidylcholine (PC) was prepared by the method pf Dawson (20) (26, 27) . The mixture was adjusted to a density of 1.063 g/ml by the addition of solid KBr and was spun for 20 hr in a 65 rotor at 60,000 rpm. The supernatant fraction contained excess, unbound lipid while the infranatant contained the phospholipid-apoprotein complex and any unbound protein. The infranatant was adjusted to a density of 1.250 g/ml by the addition of solid KBr and was spun for 40 hr at 60,000 rpm. The lipid-apoprotein complex was analyzed by '8C NMR spectroscopy, circular dichroism spectroscopy, gel column chromatography (Bio-gel A-1.5m, 200-400 mesh), and the molar lipid to protein ratio determined (28) . All (1.5 mM) and added in a volume of 3 ml to 100 ml of human plamsa. Incubation was performed for 12 hr at 37°. HDL was isolated by flotation between KBr densities 1.063 and 1.21 g/ml. After dialysis, appropriate aliquots were separated for paper electrophoresis (31), delipidation (9) , gel chromatography (28) and 'IC NMR analysis.
RESULTS
The proton-decoupled "IC spectrum of HDL at natural abundance is shown in Fig. la (34) . The protein moiety is now known to consist of several components (10, 11, 35) .
Two of these, designated as apoA-I and apoA-II (36) Recently, it has been demonstrated that study of the spinlattice relaxation time of "IC provides a promising probe into the internal mobility of organic molecules (5). Studies of dipalmitoyl-and dioleoylphosphatidylcholine at natural abundance of "IC have yielded relaxation times for the carboxyl carbons, the methylene envelope and the terminal methyl carbons of fatty acids in D20 (41) . The results are qualitatively consistent with previous information on the nature of the lipid vesicles in D20, a bilayer with more mobile alkyl chains showing substantially longer relaxation times than the polar portions of the molecules (42) (43) (44) . However, the spectra obtained below the transition temperature did not allow the resolution of the carbon atoms of the fatty-acid chain, nor the differentiation of the two acyl carboxyl carbons.
In order to overcome such difficulties, and to allow the study of lipids in the presence of the complexing proteins, we have studied specifically labeled lipids enriched with C-13. (45, 46) . An intriguing result was the failure to obtain resolution of the carboxyl resonance doublet of lecithin when reassembled with apoHDL or incorporated into native HDL.
Selective labeling of both a and # fatty-acid chain carboxyl carbon will be necessary to explain which one of the resonances either shifts or broadens in the presence of HDL apoproteins.
The a-fatty-acid carboxyl ",C enrichment is not high enough to account fof the intensity of the "IC resonance remaining in the presence of protein, and we assume that this resonance is due to the f3-fatty-acid carboxyl 13C enrichment.
There was no significant alteration of the relaxation times when PC D20 vesicles, the apoHDL-PC complex and native HDL were compared. Since, in the presence of protein, the relaxation times were almost unchanged, one might suggest that the # carboxyl group of PC is not involved in proteinlipid interaction. This suggestion is supported by the interesting finding that after complete hydrolysis of the PC in HDL by a phospholipase A2 the hydrodynamic behavior of HDL and its morphological characteristics are not altered, whereas treatment with phospholipase C and D lead to marked structural alterations (47) .
Even more striking was the composition of chemical shift data and relaxation times obtained with cholesteryl-[1-"3C]-oleate in a CDC13 solution of pure synthetic material and in native HDL, in which the carboxyl 13C carbon of cholesteryl esters was enriched by LCAT reaction or by recombination technique. In the presence of the protein, the cholesteryl ester not only had a relaxation time substantially shorter than it did in chloroform solution, but the carboxyl resonance was shifted upfield by 2 ppm. The marked distribution in mobility of this atom probably was the result of a specific interaction, for example, electron transfer from protein nitrogen to the positive center of the carboxyl group. Since cholesteryl esters in native HDL are largely derived from an intramolecular process through the activity of the enzyme LCAT, similar experiments using fatty acids "IC labeled in different positions should allow more precise determination of the location and dynamics of the cholesteryl ester moiety in native lipoproteins. Our results confirm and extend the previous observation that the 13C spin-lattice relaxation times of lecithin and sphingomyelin enriched with 13C in the choline head group moiety are characteristic of both the chemical structure and the steric interaction between the molecules in different solvents. The T, values of the [methyl-"C]choline resonance in egg yolk PC and SPM are consistently larger in methanol than T, values for the corresponding nuclei in chloroform. In CDC1L, PC exists as inverted spherical micelles composed of 60-70 molecules, whereas it exists in methanol as a trimer (48, 49) . Thus, the relatively short N+Me3 T, values in CDC1L reflect probably the tight packing of the head groups in the inverted micellar structure. The N+Me3 T, values of egg yolk PC as well as SPM in D20, were almost identical to those obtained with the reassembled lipoproteins. This finding suggests that the polar head group of both molecules in D20 bilayers have the same aqueous environment as the polar head groups in reassembled lipoproteins and indicate that the protein moiety is not restricting the molecular freedom of the choline head groups. Based on proton NMR data, it has been previously suggested that the polar choline head groups in HDL are unrestrained in motion (50) . These studies provided c'C NMR Spectroscopy of Lipoprotein 3705 quantitative data regarding the mobility of these moieties. It .should be noted that our studies might have failed to detect a small percentage of choline carbons that were constrained in their motion, due to the experimental error (4t10%) involved in measurement of relaxation time. Furthermore this discussion assumes short correlation time3 (cooro << 1) for the systems studied (6) . The dependence of relaxation times on temperature and viscosity of solutions must still be investigated.
It has been previously pointed out that apoC-III and apoA-II contain several pairs of sequentially adjacent amino acids whose side chains are oppositely charged (38) . The ionic interaction of these oppositely charged side chains with the zwitterionic polar head group has been suggested as a mechanism of protein-lipid binding (51) . The present data suggest that this mechanism is of minor importance for apoA-I and apoA-II. We suggest that the binding of PC and SPM is primarily hydrophobic in character. This concept is, in part, supported by recent findings that the extension of the apoC-III peptide by seven additional residues to apoC-III (41-79) was accompanied by a significant increase in PC binding, though the additional residues did not contain a zwitterionic pair of amino acids (52) .
Firm conclusions regarding the specificity and nature of interaction and dynamics of individual lipid and apolipoprotein constituents cannot be made at the present time.
Since the lipid constituents of lipoproteins can be 13C labeled at almost any carbon atom in the fatty-acid chains, the glycerol and polar head groups moiety and several carbon atoms of the cholesterol molecule are accessible to chemical synthesis, quantification of lipid-lipid and lipid-protein interaction is in the future expected from 'IC NMR analysis. Additional physical information of the interaction of phospholipids with apolipoproteins can be obtained by phosphorus-31-NMR spectroscopy, as detailed in the accompanying paper (53) .
